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Transcriptionin quiescent cells p300/CBP negatively regulates the cell cycle G1-S transition by
keeping c-Myc in a repressed state and that adenovirus E1A induces c-Myc by binding to p300/CBP. Studies
have shown that p300/CBP binding to simian virus 40 large T is indirect and mediated by p53. By using a
series of large T mutants that fail to bind to various cellular proteins including p53 as well as cells where
p300 is overexpressed or p53 is knocked down, we show that the association of large T with p300
contributes to the induction of c-Myc and the cell cycle. The induction of c-Myc by this mechanism is likely to
be important in large T mediated cell cycle induction and cell transformation.
© 2008 Elsevier Inc. All rights reserved.Introduction
Cell transformation by the DNA tumor virus encoded oncoproteins
such as simian virus 40 large T (LT), adenovirus small E1A protein and
the papilloma virus E6 and E7 is dependent on their interaction with
several host proteins including pRb, the two Rb related proteins p107
and p130, p400, p300 and CBP (Ahuja et al., 2005; Frisch andMymryk,
2002; Helt and Galloway, 2003). p300 and CBP are two highly related
nuclear histone acetyl transferases that function as transcriptional
coactivators by linking chromatin remodeling with transcription
(Goodman and Smolik, 2000). We showed earlier that in quiescent
cells, p300/CBP keeps c-Myc in a repressed state and prevents cells
from entering into S phase. Further, the E1A transforming protein
binds to p300/CBP resulting in the induction of c-Myc and the cell
cycle (Baluchamy et al., 2007; Kolli et al., 2001; Rajabi et al., 2005).
Large T does not bind to p300/CBP directly but the two proteins are
bridged by p53 (Borger and DeCaprio, 2006; Eckner et al., 1996). The
consequences of LT associationwith p300/CBP in LT directed cell cycle
alteration is not known. p300/CBP and the Rb family proteins are part
of cellular protein complexes that appear to play an active role in the
repression of cell cycle related genes (Baluchamy et al., 2003; Helt and
Galloway, 2003; Kolli et al., 2001; Rajabi et al., 2005). Since both E1A
and the LT bind to same set of cellular proteins and induce S phase in
growth arrested cells, we were interested to know whether LT also
overcomes the p300 mediated repression of c-Myc during cell cycle
induction. Using a series of LT mutants that fail to bind to various. Thimmapaya).
asitology, LSU Health Science
l rights reserved.cellular proteins and cells in which p300 is overexpressed or p53 is
knocked down, we show that LT interactionwith p300 is important for
LT to modulate c-Myc expression. This mechanism of c-Myc induction
by LT is likely to be important for the LT mediated cell cycle induction
and cell transformation.
Results and discussion
To determine whether LT can activate the endogenous c-Myc
promoter in quiescent cells, we expressed LT in serum starved human
MCF10A cells using an Ad vector that expresses LT cDNA from the CMV
promoter (AdLT) and quantiﬁed the c-Myc transcriptional activation
using AdM4, aMyc-reporter virus (Baluchamy et al., 2003). In previous
studies we have shown that increase in luciferase activity using this
reporter virus correlates with increase in Myc RNA and protein levels
(Baluchamy et al., 2003; Rajabi et al., 2005). As shown in Fig.1B (Fig.1A
shows the time course of the experiment), at 12 h after infection with
AdLT, LT induced Myc reporter activity by about 40-fold as compared
to that of Adβ-gal control. A Western blot shown in Fig. 1E indicates
that LT expression could be readily detected in AdLT infected cells.
c-Myc RNA levels in AdLT infected cells was quantiﬁed using the real
time PCR assay. Data shown in Fig. 1C indicates that at 8 h post
infection, there was more than 30-fold increase in c-Myc RNA levels in
AdLT infected cells as compared to that of cells infected with Adβ-gal.
Similarly, a Western blot analysis of cell extracts prepared from LT
expressing cells at 12, 16 and 20 h after infection indicated several fold
increase in Myc protein levels as compared to that of control cells
(Fig. 1E). These results indicate that theMyc reporter activity observed
in Fig. 1B was based on an increase in both Myc mRNA and protein
levels. To determinewhether the induction of S phase in LT expressing
cells is due to induction of Myc target genes, using Western blots, we
assayed the previously identiﬁed Myc targets Cyclin E, Cyclin A and
Fig. 1. Induction of c-Myc and S phase by SV40 LT in quiescent cells. A. The time course used for infection and harvesting of cells. Serum starved MCF10A cells infected with the
indicated Ad vectors at 25 pfu/cell. At the indicated time points, cells were harvested for luciferase assay, RNA analysis and protein expression. B. Endogenous c-Myc transcriptional
activation activity using the Myc reporter virus (AdM4). Quiescent MCF10A cells were infected with AdM4 (5 pfu/cell) and AdLT (25 pfu/cell) or Adβ-gal (25 pfu/cell). Luciferase
activity was assayed using cell extracts equivalent of 10 µg protein. Values shown are fold increase over the control values obtained from two independent experiments each carried
out in duplicate±sd. C. Quantiﬁcation of c-MycmRNA in AdLT infected cells using real time PCR assay. Quiescent MCF10A cells were infected with Ad vectors and total RNA isolated
8 h after vector infectionwas subjected to real time PCR assay using primer pairs described earlier (Baluchamy et al., 2007). The values obtained in real time PCR assaywas normalized
to GAPDH values and the fold increasewas calculated using the values obtained for Adβ-gal infected cells as 1. D. Analysis of CADmRNA levels by RT-PCR. Total RNAwas isolated from
the cells and 4 µg of RNA was reverse transcribed by High Capacity cDNA Reverse Transcripition kit (Applied Biosystems). PCR was carried out using 1/50th volume of the cDNA at
94 °C for 30 s, 55 °C for 45 s and 70 °C for 45 s for 18–24 cycles. GAPDH genewas used as the internal control. The following primers were used for RT-PCR ampliﬁcation. CAD, forward:
5'-ttcaccaacgccaatgatgg-3'; CAD, reverse: 5'-tcccagctgtggcctctttc-3'; GAPDH, forward: 5'-gtgaaggtcggagtcaacg-3'; GAPDH, reverse: 5'-tgaggtcaatgaaggggtc-3'. E. Western blot
showing the levels of LT, c-Myc, cyclin A, cyclin E and cdc25A in cell lysates prepared fromvirus-infected cells at 12, 16 and 20 h after infection. Cell lysates equivalent to 50 µg protein
were loaded onto the gel andWestern immunoblotted using anti-LT (Ab419), anti-c-Myc (N-262, Santa Cruz), anti-cyclin A (H432, Santa Cruz), anti-cyclin E (HE12, Santa Cruz), anti-
cdc25A (F-6, Santa Cruz) and anti-Tubulin (Sigma) antibodies. F. Cell cycle proﬁles for cells infected with Adβ-gal and AdLT (25 pfu/cell) with or without AdAScMyc virus (100 pfu/
cell). Serum-starved MCF10A cells were infected with Ad viruses and the distribution of cells in G1, S and G2/M phases at indicated times were quantiﬁed by ﬂow cytometry.
228 Rapid Communicationcdc25A that are critical for the induction and progression of S phase
(Dang, 1999). As shown in Fig. 1E, levels of these proteins increased
several fold at the indicated time points in LT expressing cells. In
addition, using the semi-quantitative RT-PCR assay we also assayed
mRNA levels of another Myc target gene known as CAD [carbamyl
phosphate synthetase, aspartate transcarbamylase and dihydroora-
tase; (Bush et al., 1998)]. This trifunctional enzyme is involved in
pyrimidine biosynthesis. As shown in Fig. 1D, CAD mRNA levels are
elevated signiﬁcantly in LT expressing cells. We conclude that the Myc
target genes are induced by c-Myc that is induced by LT.
The LT expressing cells exit G1 in the absence of serum. In the
experiments shown in Fig. 1F in which the LT expressing serumstarved cells were analyzed by ﬂow cytometry, cells began exiting G1
by about 16 hwith a steady increase of cells in S phase. Beginning 24 h,
cells began to traverse into G2/M phase. The premature G1 exit is the
result of c-Myc induction by LT. When cells were co-infected with
AdLT and AdAScMyc, an Ad vector expressing c-Myc antisense
sequences (Kolli et al., 2001), the number of cells in S phase at 20,
24 and 28 h was reduced signiﬁcantly compared to that found in AdLT
infected cells. These results show that c-Myc induction by LT con-
tributes to the induction of S phase.
To determine whether LT interactionwith p300/CBP contributes to
c-Myc activation, using rat12 cells we assayed in transient assays a
series of LT mutants with mutations that abolish its interaction with
229Rapid Communicationdifferent host proteins (Fig. 2). Transfection efﬁciency of MCF10A cells
is very low making it unsuitable for studies using transient assays. Rat
cells transfect well and using conditionally overexpressing rat cells we
previously showed that p300 represses c-Myc in quiescent cells
(Baluchamy et al., 2003). Further, we also showed that p300 represses
c-Myc both in human epithelial cells and ﬁbroblasts indicating that
p300 repression of c-Myc is not cell type dependent (Kolli et al., 2001).
Therefore rat cells were used for studies involving transient assays.
Expression of large T from mutant large T expression plasmids in
transiently transfected rat cells is shown in Fig. 3B (Fig. 3A shows the
time course of the experiment). As shown in Fig. 3C, plasmid p6-1 that
encodes both small t (ST) and LT, and dl888 that lacks ST stimulated
the Myc-reporter plasmid to similar levels (about 4 to 5-fold)
indicating that ST did not contribute to c-Myc stimulation signiﬁ-
cantly. Consistent with this, pW2tRb−, a plasmid encoding only ST did
not transactivate the Myc-reporter plasmid (see Materials and
methods for details of this plasmid). One important difference
between LT and the transforming E1A protein is that LT strongly
stimulates gene expression by associating with TFIID complex that
would complicate the quantiﬁcation of LT induction of c-Myc through
its association with p300/CBP (Gruda et al., 1993). Therefore, we used
the LT mutant inA2815 that does not interact with TFIID and lacks the
TFIID associated transcriptional stimulatory activity (Damania and
Alwine,1996). Any residual transcriptional stimulation capacity of this
mutant should reﬂect its interaction with host proteins including pRb
and p300/CBP. Plasmid inA2815 transactivated the Myc-reporter
plasmid to levels almost comparable to that of p6-1 indicating that
in serum starved cells, the contribution of LT interactions with TFIID to
c-Myc transcriptional stimulation is only moderate.
To assess the contribution of LT interaction with Rb on c-Myc
activation, we assayed a double mutant in which both Rb and TFIID
binding sites aremutated (K1/inA2815; see Fig. 2 and alsoMaterials and
methods). Thismutant stimulated theMyc promoter to slightly reduced
levels as compared to control samples indicating that Rb-LT interaction
plays a minor role in LT induction of c-Myc (Fig. 3C). A Western blot
experiment showed that mutant dl888 expressed LT at near normal
levels whereas expression of LT in mutant inA2815, K1/inA2815 and
dl401/450 (see below) was signiﬁcantly reduced (Fig. 3B). However,
the lower level expression of LT by themutant inA2815 and K1/inA2815
did not appear to affect their capacity to transactivate theMyc promoter.Fig. 2. Diagrammatic representation of LT mutants anNext, we assessed the contribution of p53 binding to LT on the
transactivation of the Myc promoter by assaying the LT mutant
pdl401/450 for its capacity to stimulate the Myc promoter. This LT
mutant contains a deletion of 50 a.a. in the p53 binding domain and
hence does not bind to p53 (Kierstead and Tevethia, 1993). Therefore,
this LT mutant does not associate with p300. Mutant dl401–450 did
not stimulate c-Myc transcription indicating that p53 binding to LT is
critical for the LT to transactivate c-Myc. The drastically reduced
capacity of pdl401/450 to induce c-Myc is unlikely to be due to its
reduced accumulation (Fig. 3B) as inA2815 and K1/inA2815 also
accumulated to reduced levels and yet they were almost as efﬁcient as
the WT LT in inducing c-Myc (Figs. 3B and C). Others have shown that
mutation of aspartic acid at amino acid position 402 to aspargine
(D402N) or histidine (D402H) in LT abolishes LT interaction with p53
(Lin and Simmons, 1991). To further conﬁrm the involvement of p53
binding in Myc induction, we assayed LT mutant D402H for its
capacity to induce c-Myc. The effect of this mutation on c-Myc
activation was tested in both WT and in K1/inA2815 background
described above. As shown in Fig. 3C, both D402H and K1/inA2815/
D402H mutations abolished the c-Myc transcriptional stimulatory
activity. A Western blot shown in Fig. 3B indicated that both these
plasmids expressed the mutant large T proteins at considerable levels
suggesting that the loss of transcriptional stimulatory activity was not
due to reduced accumulation of the proteins (Fig. 3B). Thus, results of
both dl401/450 and D402H mutations strongly argue that LT binding
to p53 is essential for the induction of c-Myc by LT.
We also considered the possibility that p53 might repress c-Myc in
quiescent cells (Ho et al., 2005). In this case, LT would need to bind p53
to relieve this repression andpdl401/450 andpD402Hwould beunable
to do this. To rule out direct effects of p53, endogenous Myc activity
was assayed in cells where p53 expressionwas reduced by expressing
p53 shRNA from an Ad vector (Adp53sh). As a positive control, Myc
expressionwas also assayed under these conditions using an Ad vector
expressing p300 shRNA. Levels of p53 and p300 were greatly reduced
in cells expressing the respective shRNAs (Fig. 3D). The Myc activities
shown in Fig. 3E indicated that p300 knockdown resulted in a 5-fold
induction of c-Myc, whereas p53 knockdown did not induce c-Myc.
Myc protein levels also increased several fold in cells expressing
shRNAs targeting p300, and p300 and p53 together (Fig. 3E). This
indicates that the endogenous p53 does not contribute to repression ofd their capacity to bind to various host proteins.
Fig. 3. c-Myc induction byWTandmutant LT plasmids using transient assays. A. Time course of transfection, serum-starvation and collection of cells for luciferase assay. B. Expression
of the LT mutants in rat12 cells. Cells were transfected with the various plasmids (3 µg) and after 48 h, lysed and the cell lysate was used for Western immunoblotting using anti-LT
(Ab419) or anti-actin (I-19, Santa Cruz) antibodies. C. Promoter-reporter assay using SV40 LT mutants. Rat12 cells were transfected with the Myc promoter-luciferase reporter
construct del-1 (0.2 µg), along with LTand STexpression plasmids (2 µg each). Luciferase activity was assayed using cell extracts equivalent of 10 µg protein. Assayswere carried out in
triplicate and the average fold increase over the control sample±sd is shown. D. Expression of p53 and p300 in MCF10A cells infected with Ad vectors expressing p300sh, p53sh and
Lucsh (control) RNAs. Western immunoblotting was performed using anti-p53 (Ab6, Oncogene Research Products), anti-CBP (CBP antibody, Cell Signaling), anti-p300 (N-15, Santa
Cruz) and anti-actin (I-19, Santa Cruz) antibodies. E. EndogenousMyc activity and protein levels in quiescent cells infected with different Ad vectors for 12 h. Luciferase activity was
assayed using cell extracts equivalent of 10 µg protein. Assay was carried out in duplicate and the average fold increase over the control virus±sd is shown. Cell lysates equivalent to
50 µg protein were loaded onto the gel and Western immunoblotted using anti-c-Myc (N-262, Santa Cruz) and anti-Tubulin (Sigma) antibodies.
230 Rapid Communicationc-Myc. Thus, the effects of the dl401/450 or D402H mutations in LT on
c-Myc expression are not due to their failure to abrogate the repressive
effect of p53 on c-Myc expression.
Reduction of p53 by shRNAdid not directly induce c-Myc. However,
the reduction in p53 did limit the ability of LT to induce c-Myc, as
expected if LT interactionwith p300 depends on p53. This is shown by
an experiment in which induction of endogenous c-Myc by LT was
assessed in cells expressing LT and shRNAs targeting p53 and p300 in
combinations shown in Fig. 4B (Fig. 4A shows the time course of the
experiment; Lucsh refers to luciferase shRNA used as a control). Data
shown in Fig. 4B indicate that knocking down p53 eliminated the LT
induction of Myc. Knocking down p300 overcame this effect. The
Western blot data shown above the luciferase data in Fig. 4B indicates
that p53 levels are decreased in cells expressing p53 shRNAs. Note that
although p53 levels are increased due to stabilization by LT [(Ahuja,
Saenz-Robles, and Pipas, 2005); LT lane], cells expressing LT and p53
shRNAs show signiﬁcantly reduced levels of p53. Even though these
cells contain normal levels of CBP, it does not show an effect in these
experiments as we showed earlier that normal levels of both p300 and
CBP are essential for the repression of c-Myc. Thus, either depletion of
p300 or the expression of LT induces Myc expression.
To determinewhether the induction of c-Myc by LT is dependent on
its association with p300, we assayed c-Myc induction by LT in
transfection assays in the presence of mutant p300delE1A that contains
a deletion in CH3 region of p300 (lacks residues 1739–1871) and doesnot bind to p53. In transfected cells, expression of p300delE1A was
comparable to that of the WT p300 (data not shown). If p53 bridges
p300 and LT, then LT should not overcome the repressive effects of
p300delE1A.Herewe used the LTmutant K1/inA2815 (discussed above)
so that p300 effects can be clearly detected. Rat cells were transfected
with LTplasmid alongwithWTp300or p300delE1A in the combinations
shown in Fig. 4D (Fig. 4C shows time course of the experiment). The data
suggest that LT cannot transactivate Myc promoter efﬁciently in the
presence of the mutant p300 that does not bind to p53. For example,
overexpression of WT p300 did not affect the Myc promoter
transactivation by LT (compare bar 2 with bar 4). In contrast,
overexpression of p300delE1A signiﬁcantly inhibited theMyc promoter
transactivation by LT (compare bar 2 with bar 6). Thus, LT association
with p300 is essential for the efﬁcient c-Myc induction inquiescent cells.
In summary, our results suggest that LT association with p300
results in overcoming the repressive effects of c-Myc by p300. This is
based on the inability of a LT mutant that is defective for binding to
p53 to induce c-Myc (Fig. 3), the loss of c-Myc induction by LT when
expression of cellular p53 is knocked down (Fig. 4B) and the inability
of LT to overcome the repressive effects of p300 when the p53 binding
domain of p300 is deleted (Fig. 4). Although, LT does not bind to p300
directly, its indirect interaction with p300 contributes to c-Myc
induction. Since induction of c-Myc is vital for the induction of DNA
synthesis in quiescent cells, it is not surprising that the LT and E1A
oncoproteins share a common mechanism to induce c-Myc. This
Fig. 4. Effect of p53 knockdown on endogenous c-Myc induction by LT (B) and c-Myc induction by LT in the presence ofWT p300 or the p53 binding defectivemutant p300delE1A (D).
A. Time course of serum starvation, virus infection and collection of cells for luciferase assay B.Myc activity assay in quiescent MCF10A cells infected with Ad vectors expressing LT,
p53 and p300 shRNAs. Assay conditions as described in Fig. 3E. Cell lysates equivalent to 50 µg protein were loaded onto the gel and Western blotted using anti-LT (Ab419), anti-p53
(DO-1, Santa Cruz) and anti-Tubulin (Sigma) antibodies. C. Time course of transfection, serum-starvation and collection of cells for luciferase assay, D. Promoter-reporter assay in rat12
cells showing the requirement of CH3 domain of p300 for efﬁcient c-Myc induction by LT. Rat12 cells were transfected with the Myc promoter-reporter plasmid del-1 (0.2 µg) and
plasmids expressing mutant LT (0.75 µg) and the WT or mutant p300 (1 µg). Cells were incubated with growth medium for 16 h, followed by transfection and serum starvation for
36 h. Cells were harvested and the luciferase activity was quantiﬁed using cell extracts equivalent of 10 µg protein. Assays were carried out in triplicate and the average fold increase
over the control sample±sd is shown.




Growth conditions for the MCF10A and rat12 cells are as described
(Baluchamyet al., 2003; Kolli et al., 2001). The control virus used in this
study Adβ-gal, AdM4 that contains Myc responsive luciferase vector,
and AdAScmyc expressing c-Myc antisense sequences were described
earlier (Baluchamyet al., 2003; Kolli et al., 2001). Ad vectors expressing
luciferase, p300 and p53 speciﬁc shRNA were constructed based on
shRNA sequences published earlier [(Di Micco et al., 2006; Iyer et al.,
2007) and our unpublished results]. Oligonucleotides containing the
shRNA sequences targeting the related genes were cloned into pSiren-
RetroQplasmid (BDbiosciences) and then transferred into anAd vector
by standard recombination methods. AdLucsh vector express shRNA
directed against luciferase gene.MCF10A cells infectedwith this vector
do not show any cell cycle defects (our unpublished results).
Plasmids
Plasmid pdl401–450 contains a deletion of 50 a.a. between a.a. 401
to 450 and does not bind to p53 (Kierstead and Tevethia, 1993). The LT
mutant inA2815 contains 4 a.a. insertion at 168 position and does not
interact with TFIID (Damania and Alwine, 1996). Plasmid p6-1 ex-
presses both LT and ST whereas dl888 expresses only LT because of adeletion of the ST splice donor (Rajan et al., 1995). Mutant K1/inA2815
does not bind to both TFIID and pRb. In the K1 mutant of LT, the Rb
binding motif LXCXE is mutated at position 107 to LXCXK (Eckner
et al., 1996). The K1 mutation was introduced into inA2815 by site
directed mutagenesis procedures. Plasmid pW2tRb− is a derivative of
the plasmid pW2t which encodes only ST (K. Rundell, personal
communication). The Rb−mutation in this plasmid inactivates the 17K
T protein expressed along with ST from pW2t (Boyapati et al., 2003).
Aspartic acid at position 402 of LT was mutated to histidine in p6-1
and K1/inA2815 plasmids by a site directed mutagenesis procedure.
Sources of plasmids del-1, (c-Myc promoter-luciferase reporter
plasmid containing 2100 bp of human c-Myc promoter sequences),
HA tagged p300 (p300HA) and p300delE1A have been described
(Eckner et al., 1994; Kolli et al., 2001).
Transfection, protein expression, RNA and cell cycle analysis
Promoter reporter assays in rat 12 cells and cell cycle analysis in
MCF10A cells were carried out as described (Baluchamy et al., 2003;
Kolli et al., 2001). Expression of the LT in virus infected cells and
expression of the endogenous p300 and p53 as well as the LT mutants
in transfected cells from plasmids was carried out using standard
Western blot procedures. Antibodies used in Western blot assays are
indicated in ﬁgure legends. RT-PCR was performed as described
(Kikuchi, Takami, and Nakayama, 2005). Real time PCR assay was
carried out exactly as described (Baluchamy et al., 2007) and the
values were normalized to Glyceraldehydephosphate dehydrgenase
(GAPDH) values.
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